The application of tracheal cuff pressure monitoring is likely to vary between institutions. The aim of this study was therefore to review current evidence concerning this intervention in the intensive care unit (ICU) and to appraise regional practice by performing a state-wide survey. Publications for review were identified through searches of PubMed, EMBASE and Cochrane (1977 to 2014). All studies in English relevant to critical care and with complete data were included. Survey questions were developed by small-group consensus. Public and private ICUs across Queensland were contacted, with responses obtained from a representative member of the medical or nursing staff. Existing literature suggests significant variability in tracheal cuff pressure monitoring in the ICU, particularly in the applied technique, frequency of assessment and optimal intra-cuff pressures. Twenty-nine respondents completed the survey, representing 80.5% (29/36) of ICUs in Queensland. Twenty-eight out of twenty-nine respondents reported routinely monitoring tracheal cuff function, primarily employing cuff pressure measurement (26/28). Target cuff pressures varied, with 3/26 respondents aiming for 10 to 20 cmH 2 O, 10/26 for 21 to 25 cmH 2 O, and 13/26 for 26 to 30 cmH 2 O. Fifteen out of twenty-nine reported they had no current guideline or protocol for tracheal cuff management and only 16/29 indicated there was a dedicated area in the clinical record for reporting cuff intervention. Our results indicate that many ICUs across Queensland routinely measure tracheal cuff function, with most utilising pressure monitoring devices. Consistent with existing literature, the optimum cuff pressure remains uncertain. Most, however, considered that this should be a routine part of ICU care.
Endotracheal intubation is a common intervention in the critically ill. Although this process is not without potential harm (such as that it can be associated with the use of sedatives or the application of positive pressure ventilation), the endotracheal tube (ETT) itself is rarely considered a potential source of morbidity. Cuffed devices are regularly employed to ensure a tight seal within the subglottic tracheal structures. This is aimed at preventing macro-aspiration and allows the application of moderate to high positive pressures. In this respect, adequate tracheal cuff function is arguably a key facet of this intervention.
Modern polyvinylchloride ETTs have a large cuff that conforms to the shape of the trachea, producing an effective seal with a relatively low pressure. Of note, high-volume low-pressure cuffs have a significant advantage over low-volume equivalents, in that as long as the wall of the cuff is not stretched, the intra-cuff pressure should closely correlate with tracheal mucosal pressure 1 . Although highvolume low-pressure cuffs are associated with fewer complications, these devices may still cause serious tracheal injury if the 'optimal' intra-cuff pressure is exceeded. This is particularly the case if used for prolonged periods of time, such as in the intensive care unit (ICU) 2 .
Multiple complications associated with high cuff pressures have been reported [3] [4] [5] [6] [7] , including tracheal mucosal ischaemia, mucosal inflammation, stridor post-extubation, tracheal ulceration, granulation and stenosis, tracheo-oesophageal fistula, tracheomalacia and tracheal rupture. In contrast, common difficulties experienced with low cuff pressures include 8 inadequate ventilation due to loss of tidal volume and micro-aspiration, potentially resulting in ventilator associated complications. Monitoring of tracheal cuff function, typically through an assessment of intra-cuff pressure, represents a logical approach to avoiding complications. Many methods have been described in the literature to achieve this, such as pilot balloon finger palpation, minimal occlusive volume, minimal audible leak, minimal occlusion pressure (using a manometer), the Lanz pressure-regulating valve, the Brandt tube system and use of a dedicated pressure transducer system 1,9 . However, largely due to the lack of systematic evidence, tracheal cuff monitoring is likely to differ widely in critical care practice. In particular, the technique, staff responsible, optimal intra-cuff pressure and documentation may be very variable, with some institutions utilising guidelines for cuff management and others being more ad hoc. In view of this heterogeneity, planning and implementation of robust clinical trials in this area is problematic, although many practitioners still report significant anecdotal concern about this intervention. To further inform these questions, we conducted a systematic review of existing publications in this area, in addition to undertaking a survey of tracheal cuff monitoring practices in ICUs across Queensland.
METHODS

Systematic review
Publications for inclusion in this review were obtained from searches of the PubMed and EMBASE databases (1977 to 2014). We also checked the Coch-rane Library to determine if any prior systematic reviews had been performed in this area. The following search terms were used: "tracheal cuff monitoring", "tracheal cuff pressure", "tracheal cuff monitoring techniques", "intensive care" and "critical illness". We sought to extract data that examined a) the spectrum of tracheal cuff pressure monitoring techniques used in the ICU, b) craft groups responsible for this intervention, c) the frequency of cuff monitoring (if performed), d) controlled trial data comparing different monitoring techniques in the ICU and e) safe intra-cuff pressures. If no data were available in the critically ill, publications from other settings (such as the operating theatre or animal studies) were reviewed.
Studies involving the following topics were excluded: pre-hospital intubation and cuff pressures, oesophageal intubation, use of an alternative cuffed device (laryngeal mask airway, Combitube™, doublelumen ETT or endobronchial device), inflator use, use of lignocaine, airway pressure-related changes, high frequency oscillation, in vitro animal studies, anaesthetic studies including nitrous oxide, paediatric studies, novel devices, position changes affecting cuff pressures and cuff pressures for different surgical interventions and any specific subgroup of critically ill patients. We included publications written in English and, where available, complete data extraction. No established tools to assess study methodology were applicable in this setting, although each reference was graded as low (observational studies, survey), medium (controlled experimental studies) or high (randomised controlled trials) quality. Survey A small working group was subsequently established to review these data and consider what additional information would be relevant in an Australian context. Questions were based on previous publications [10] [11] [12] , with additional topics developed by small group discussion and consensus. Each question was piloted at a local institution prior to wider application. Candidate ICUs included any Queensland facility contributing to the Australian and New Zealand Intensive Care Society Adult Patient Database. As our aim was to survey all relevant institutions in Queensland, additional sites were also approached if they were known to provide critical care services. A representative member of the medical or nursing staff at each facility was asked to complete the survey. Where initial contact was unsuccessful (such as the respondent felt unable to accurately complete the survey), follow-up was made with an additional staff member one further time. If no data could be collected, these sites were considered non-responders. In addition, data were also sought from the Australian and New Zealand Intensive Care Society Critical Care Resources Registry. This survey investigates the provision and utilisation of critical care resources across Australia and New Zealand, and is conducted annually by financial year. Where available, the number of patients receiving invasive ventilation per annum, and the duration thereof, were sought for each ICU participating in the survey.
Ethics, data presentation and statistical analysis
Categorical data are presented as counts (percentage) and continuous data as the mean (standard deviation). Independent associations between categorical data were explored by chi-square test or Fisher's exact test, where analysis assumptions were met. No assumptions were made for missing data and proportions were adjusted for the number of respondents completing a given question. A P-value <0.05 was considered statistically significant and all analyses were performed using SPSS version 21 (IBM Corporation, Armonk, NY, USA). Our institutional Human Research Ethics Committee (HREC/12/ QRBW/298) approved the questionnaire and methodology.
QUALITATIVE REVIEW
Study selection
Using our search criteria, we identified 428 studies on PubMed and 50 studies on EMBASE regarding tracheal cuff monitoring practices and techniques in the critically ill. We also hand-searched the references of each article for additional publications. We did not find any systematic reviews on tracheal cuff monitoring in the Cochrane Library. After screening using the exclusion criteria defined above, we identified 18 studies for inclusion in our qualitative review (Figure 1 ).
Tracheal cuff management in ICU: descriptive studies
Six studies pertaining to this area were evaluated (Table 1 ). These results suggest that tracheal cuff monitoring is a varied intervention in the ICU, both in terms of technique and frequency. Nursing staff are the professional group most likely to perform this, although there is often a lack of awareness of what constitutes a 'safe' intra-cuff pressure. Most authors conclude that tracheal cuff monitoring should be routine in the ICU, however, best practice recommendations are often lacking.
Comparisons of tracheal cuff monitoring techniques in ICU
We identified an additional seven studies directly comparing different techniques for tracheal cuff monitoring ( Table 2 ). Due to the paucity of publications specifically involving the critically ill, we included studies from anaesthetic practice. We did not include studies comparing continuous tracheal cuff pressure monitoring with intermittent measurement, nor those comparing different types of ETT cuffs. These studies conclude that tracheal cuff pressure monitoring using a dedicated manometer is the safest method with minimal complications if appropriately employed. Minimal occlusive volume and manual palpation of the pilot balloon can cause over-inflation, which may result in greater morbidity. 
Optimal intra-cuff pressures
We did not find any studies comparing different cuff pressures in critically ill patients. We identified 28 animal studies in our literature search, of which five met our screening criteria. These are summarised in Table 3 . As expected, ideal cuff pressures varied depending on the type of animal studied. However, most studies concluded that tracheal cuff pressure monitoring is essential to avoid serious injury to the trachea, due to high cuff pressures which impair tracheal mucosal blood supply.
RESULTS
Respondent demographics
We received 29 completed surveys from 36 potential facilities (29/36, 80.5% response rate). Of the seven facilities that did not contribute data, five were private and two were public. Of note, the two missing public facilities do not ventilate patients for greater than 24 hours. Table 4 provides a breakdown of respondent demographics.
The majority (26/29) indicated their area of practice primarily involved an adult general case-mix, with or without cardiac surgery. In keeping with this, approximately two-thirds (18/29) reported working in a Level 2 or 3 metropolitan ICU.
Most respondents (18/29) reported that the number of patients receiving mechanical ventilation via a cuffed tracheal tube on an average working day was <6. Thirty-one percent (9/29) and 65.5% (19/29) of respondents indicated that the average duration of endotracheal intubation in their unit was four to seven days and one to three days, respectively. Data from the 2013 financial year Australian and New Zealand Intensive Care Society critical care resources survey were available for 24 of 29 ICUs. The mean (standard deviation) number of patients receiving invasive ventilation per day was 1.1 (1.2) and the average duration 80.3 (59.4) hours. Twenty-three of 29 respondents indicated tracheostomised patients were routinely cared for in their ICU. Major complications due to inappropriately inflated cuffs were thought to be rare, with all respondents indicating an incidence of <1% in their ICU.
Tracheal cuff monitoring-devices and pressures
Polyvinylchloride ETTs were reported as the standard device being employed in all institutions. Almost all respondents (28/29) reported routinely monitoring tracheal cuff function in their unit. In such cases, a cuff pressure measuring device (such as a manometer) was used most widely (26/28), followed by minimal occlusive volume (2/28). In considering intra-cuff pressures, there was significant variation in terms of what was considered optimal, with half of the respondents (13/26) indicating a value between 26 and 30 cmH 2 O (see Table 5 ).
Tracheal cuff monitoring-staffing, frequency and documentation
In all instances (28/28), bedside nursing staff were the professional group reported to routinely perform tracheal cuff monitoring. Most frequently, this occurred eight-hourly (12/28), although a significant proportion assessed cuff function more often (every four hours, reported by 4/28 respondents). Eight of 28 respondents indicated they monitor cuff function twice daily and only two indicated this was performed once daily (see Table 5 ).
Tracheal cuff monitoring-guidelines or protocols
Approximately half of respondents (15/29) reported not currently employing any formal guideline or protocol for tracheal cuff management, with 16/29 respondents also indicating there was no dedicated area to record tracheal cuff intervention in the clinical record. No association was evident between working in a Level 3 metropolitan ICU and the use of a protocol (P=0.11), or improved clinical documentation (P=0.24). A clear majority of respondents (27/29) considered that tracheal cuff pressure monitoring should be routine in ICU practice.
DISCUSSION
Current reports support the assertion that inappropriately inflated tracheal tube cuffs can potentially lead to serious complications. Surprisingly however, there are currently no uniformly accepted guidelines for tracheal cuff management. Our systematic review of tracheal cuff practices indicates that cuff monitoring is highly variable, with little highquality clinical data available to guide practice in the critical care setting. In our survey, the vast majority of respondents reported routinely monitoring tracheal cuff function in their ICU, primarily by measuring tracheal cuff pressures. Despite this apparent uniformity, there was significant disparity in respect to the optimal intracuff pressure targeted. Our literature search could not identify any randomised controlled trials that address this issue in the ICU. Almost all respondents indicated they felt tracheal cuff monitoring should be routine in the ICU, although few had dedicated guidelines or protocols, and there was often not a clear area to document cuff intervention in the clinical record. As detailed in Table 2 , use of a dedicated tracheal cuff manometer is consistent with previous investigation in this area. Specifically, pilot balloon finger palpation is considered inadequate and may contribute to cuff over-inflation. This has resulted in excessive cuff pressures in numerous studies [13] [14] [15] [16] [17] , while the incidence of sore throat is also higher with the use of this technique 18, 19 . Minimum occlusive volume is also associated with higher tracheal cuff pressures 15 , such that cuff pressure monitoring with an aneroid manometer has been recommended as best practice by several authors 13, 15, 18 .
The widespread use of cuff pressure monitoring is in keeping with an earlier survey performed in Australia and New Zealand ICUs in 2008 13 . In other regions, this practice can be more varied. British studies suggest that cuff pressure monitoring is used infrequently.
Results of a telephone survey of 24 ICUs in Northern
England indicated that 75% of respondents never checked cuff pressures 14 . In another survey of 79 ICUs across the United Kingdom, 68% indicated they routinely measured tracheal cuff pressures 14 . A further survey of 93 critical care units in the northeastern United States revealed that 64% used cuff pressure monitoring 11 .
Currently, there is little consensus on what constitutes the optimal intra-cuff pressure. Animal studies indicate inflation of tracheal cuffs to 20 cm H 2 O for just four hours produce marked ciliary damage, which persists for at least three days 20 . The relationship between cuff pressure and capillary perfusion of rabbit tracheal mucosa has also been studied, with the recommendation to keep cuff pressures <27 cmH 2 O 21 . However, studies with animals are quite disparate in terms of optimal cuff pressures, largely depending on the animal model employed 22, 23 .
With limited data, guidelines concerning the optimal intra-cuff pressure are varied. In our survey, the reported targets for tracheal cuff pressures varied between institutions, suggesting moderate heterogeneity in current clinical practice. This is in keeping with a previous survey conducted in South African ICUs where cuff pressure targets varied amongst respondents 24 . Whether this predisposes to adverse outcomes remains uncertain, although any future study in this area must seek to standardise this intervention before assessing any true clinical utility. In all instances, bedside nursing staff were the craft group that routinely performed tracheal cuff monitoring. This is in keeping with prior work, which reported 89% of ICUs identifying this as a nursing responsibility 10 . In respect to the frequency of cuff pressure monitoring, 42.9% reported eighthourly assessment and 28.6% every 12 hours. This is consistent with previous practice surveys, which indicate that cuff pressures are generally measured every six to 12 hours 24 .
A previous survey published in 2008 revealed 37% of participating ICUs in Australia and New Zealand had formalised written protocols for tracheal cuff monitoring 10 . In our survey, 48% reported having an agreed protocol or guideline for tracheal cuff management. This suggests that in the majority of institutions, although tracheal pressure monitoring is common, there is no protocol or guideline for management. This likely reflects the lack of consensus regarding best practice in this area. It is also clearly an area of concern that 44% of respondents indicated there was no specific area for entering cuff interventions in the clinical record. This represents an essential area for future intervention.
Our survey was based on a set questionnaire, which was completed with the respondent over the telephone or electronically. We sought data concerning current practice at an institutional level, rather than personal views or opinions. We aimed to survey all ICUs in Queensland, while ensuring accurate and timely data collection. We identified 36 ICUs across Queensland (private and public), from which we were able to include data from 29. Given the high survey rate (>80%), selection bias is likely to be limited. However, failure to specifically collect responses from bedside nursing staff is recognised as an important limitation, particularly as this group more regularly undertakes the intervention of interest. Importantly, this finding itself represents a crucial consideration for future research, as engagement of this group will be paramount to successfully investigating tracheal cuff monitoring in a controlled clinical fashion.
CONCLUSION
ICUs across Queensland appear to be acutely aware of the importance of measuring tracheal cuff function in this setting. However, moderate clinical heterogeneity surrounds this intervention, reflected by the lack of consensus and published guidelines.
Despite a perceived need to provide such monitoring, there is a lack of uniformity on the optimal pressure targets, in addition to appropriate documentation. While most institutions utilise cuff pressures of 20 to 30 cmH 2 O, it remains unclear whether these represent the optimum range. In this respect, additional research is urgently needed to assess optimal cuff pressures in critical care practice. Strategies to improve record keeping must also be reviewed, as this is clearly an area of ongoing concern.
